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[57] ABCTRACT 

A target intercept guidance system for directing a steerable 
object, such as a torpedo with an acoustic homing device. 
The guidance system senses the bearing and range between 
a first site and a second site and determines the position of 
a guidance point for &e steerable object as it moves toward 
the second site. IWo ^or functions are produced The first 
error function represents the angle between the bearing from 
the guidance point of the steerable object to the second site 
and the course of the steerable object The second error 
signal represents an estimate of the rate of change of diat 
angle. These error signals are classified into first and second 
sensed linguistic variables based upon membersh^ func- 
tions firom the first and second sensed variable membership 
function sets to become fuzzy inputs that produce fuzzy 
ou^uts comprised of control output linguistic variables and 
corresponding control ou^ut monbership functions from a 
control output membership function set based upon logical 
manipulatioD of the fuzzy inputs. These fuzzy control output 
membership functions are converted into an output having 
an appropriate form for control after being conditioned in 
response to other information including the relative posi- 
tions of the guidance point of the steerable object and the 
second site. 

11 Claims, 17 Drawing Sheets 
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DETERMINE THE TORPEDO POSITION [X^.Y^. 
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OF THE TORPEDO 10 
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COMBINE THE SELECTED LINGUISTIC SENSED 
VARIABLES ACCORDING TO PRESET RULES TO 
GENERATE ONE OR MORE LINGUISTIC 
CONTROL OUTPUT VARIABLES 
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SELECT FROM A CONTROL OUTPUT 
MEMBERSHIP FUNCTION SET A CONTROL 
OUTPUT MEMBERSHIP FUNCTION IN RESPONSE 
TO EACH GENERATED LINGUISTIC CONTROL 
OUTPUT VARIABLE 
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FUZZY CONTROLLER FOR ACOUSTIC 
VEfflCLE TARGET INTERCEPT GUIDANCE 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured and 
used by or for the Government of the United States of 
America for governmental purposes without the payment of 
any royalties thereon or therefor. 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

This invention generally relates to a control system 
located at a first site for guiding a steerable object £rom that 
site toward a second site. More specifically this invention 
relates to such a control system that is operable even when 
both the first and second sites undergo independent motion 
to steer an object with acoustic homing to a target intercept 

(2) Description of the Prior Art 

Subnaarines include a control system for guiding an 
acoustic homing torpedo launched from the submarine 
toward a target. In this particular application^ the torpedo 
constitutes a steerable object while the submarine and target 
constitute first and second sites, respectively, that are 
capable of undergoing independent motion. The control 
system that has been used in submarine applications is 
oftentimes a post launch intercept control system at the 
submarine, or first site, that guides a torpedo toward the 
target, as the second site, on an intercept trajectory to the 
second site. 

Acoustic intercept control systems generally operate with 
steerable objects characterized by some internal homing or 
equivalent steering control system. In the case of a subma- 
rine launched torpedo, the intercq)t control system directs a 
torpedo with an acoustic homing system toward the target 
When the torpedo comes within the effective range of the 
homing system, the homing system takes over the steering 
control function. Some steerable objects with such homing 
systems are also characterized by an external point in front 
of the steerable object caUed a "guidance point". This 
guidance point corresponds to the centroid of the acoustic 
beam in the case of a torpedo with an acoustic homing 
device. Generally an acoustic intercept control system oper- 
ates to maintain the guidance point of a steerable object, 
such as a torpedo, on an intercept trajectory from the first site 
to the second site. 

Prior art intercept control systems for submarine launched 
torpedoes include a control mechanism, a torpedo model and 
a communications link to the torpedo, as the steerable 
object The torpedo model is a mathematical replica of the 
torpedo that provides position and status information for 
post launch guidance operation. The control mechanism 
utilizes measured contact infonnation and torpedo model 
information to generate a command sequence for maintain- 
ing the guidance point on an intercept trajectory to the target 
These commands are transferred from the submarine to the 
torpedo through a wire communications link. 

Whereas prior art intercept control systems required a 
complete target state vector, the system disclosed herein 
operates with only measured range and bearing. These prior 
art intercept control systems require a complete target state 
vector and have not included any mechanism for readily 
allowing the inclusion of heuristic information into the 
control system, particularly information about expertise 
gained through past experience with manual intercept guid- 
ance systems. Also the prior art intercept control systems 
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normally require an operator to determine whether to issue 
a particular conunand to a torpedo. Present systems do not 
automatically generate and issue guidance commands in a 
continuous fashion. 

5 Other approaches for directing a steerable object fi-om a 
launch site to a target involve complicated control systems 
based on sets of differential equations and estimates of input 
parameters. Such systems operate in response to analytical 
controllers. However, like prior art intercept control systems 

10 such analytical controllers are not readily adapted to utilize 
expert knowledge gained through experience. 

In recent years another approach to controlling the opera- 
tion of various devices has evolved. This approach now is 
generally known as fuzzy controL In broad terms, and as 
described in U.S. Pat No. 4,860,213 to Bonissone, an 
automated rule-based reasoning with uncertainty system has 
a Uiree layer structure composed of representation, inference 
and control layers. Rule firings and conclusions are com- 
puted in the inference layer in a manner to propagate 
uncertainty information through the system in accordance 
with predetermined formulas designated by the control 
layeL Rule structures and conclusions and uncertainty infor- 
mation associated therewith are represented to the user in the 
representation layer. 

U.S. Pat. No. 5,101351 to Hattori depicts one such fuzzy 
control system for steering a vehicle. In this system a camera 
forms an image of the road. An image processor uses the 
image to calculate the deviation between a plurality of 
reference points on a road and the direction in which the 
vehicle is traveling. Each reference point is associated with 
a plurality of visual points spaced along the road at prede- 
termined distances ahead of the vehicle. The control deter- 
mines the product of the deviation for each visual point and 

2^ a membership function indicating the degree of importance 
attached to each visual point The membership functions are 
varied in accordance with the time rate of change of the 
deviations. The control also calculates a total deviation equal 
to the sum of the products, and this total , deviation is the 

^ basis for steering control. 

U.S. Pat No. 5,122,957 to Hattori discloses an autono- 
mous vehicle for automatically and autonomously running 
on route of travel under a fuzzy controller. The fvaxy 
controller operates by using a plurality of control rules 

45 defining predetermined steering controlled variables accord- 
ing to magnitude classifications of previously classified 
deviations on steering operations and membership functions 
indicating certainties corresponding to respective classifica- 
tions of actual deviations (offset), the certainties cocrespond- 

50 ing to each magnitude classification are correlated to the 
control rules to determine the steering controEed variable. In 
the autonomously running vehicle, the vehicle's running 
scenes are automatically detected on the basis of the image 
data derived by an image processing unit Reference mem- 

55 bership fimctions are varied according to any one of the 
running scenes so that the membership functions are auto- 
matically set according to the running scenes. Control rules 
are previously set only to the reference membership func- 
tions. Hence, setting operations of control rules and mem- 

^ bership functions through simulations may be carried out 
only for the reference membership functions. 

U.S. Pat No. 5,189,619 to Adachi et at discloses a system 
for controlling the speed of a vehicle in accordance with the 
driving characteristics of the driver. In effecting the follow- 

65 up driving which corresponds to the driving characteristics 
of the driver, the vehicle and the vehicle in fi-ont, the relative 
speed, the relative position and the running state such as the 
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speed and the steering angle of the vehicle itself axe 
detected- A danger Index is calculated from the detected 
vehicle*s environment and running state in accordance with 
the driver's sense of driving. The danger index is calculated 
by the fuzzy induction from the membership functions 5 
which arc dctcnnincd in advance in accordance with a 
general driver's sense of driving. The running state of the 
vehicle such as the speed is controlled in accordance with 
the danger index. When the manipulated variable is changed 
by the driving operation of the driver, the danger index is 
adjusted in accordance with the amount of change. Hie 
diange by the driving operation of the driver is reflected as 
the change in the membership functions. Thus, the calcu- 
lated danger index gradually agrees with the driving char- 
acteristics of the driver, 

U.S. Pat. No. 5,218,542 to Endo et al. discloses a control 
system for an unmanned carrier vehicle that is capable of 
automatically and independently traveling along a guiding ' 
line laid on a floor and includes a steering angle control unit 
and/or velocity control unit When the unmanned carrier 20 
vehicle is deviated from the guiding line, its deviation is 
detected by p^oiming a time-differentiation on the devia- 
tion to determine the direction of die* unmanned carrier 
vehicle in response to a signal from a sensor provided at a 
wheel of the unmanned carrier vdiicle. Based on a result of 25 
a fuzzy inference performed on the deviation, deviation 
direction and steering angle^ the steering ang|le control unit 
controls the steering angle of the unmanned carrier vehicle. 
Similarly, the velocity control unit controls a traveling 
velocity of the unmanned carrier vehicle. The fiizzy infer- 3Q 
ence is performed in accordance with the predetermined 
control regulation. 

U.S. PaL No. 5,231,482 to Siebcr et al. discloses a smart 
tracking system that includes a digital processor for selec- 
tively processing error signals representing the angular error 35 
between a tracked subject and the orientation of a tracking 
device/camera. In one embodiment a user selects a set of 
data values representing the operating parameters of the 
system in a specific operational mode. The processor uses 
the selected variable to perform a series of confutations 40 
which selectively modify the angular error signals in a 
manner that will produce a video picture which is visually 
and aesthetically pleasing to human viewers. In a second 
embodiment the set of data values characterizing the opera- 
tional mode of the system automatically is selected by the 45 
processor based on the past history of tiic subject's motion 
and die current operation mode of the system 

U.S. Pat. No. 5,280365 to Nomoto et al. discloses a fuzzy 
backward reasoning device ad^ted for recognition applica- 
tions. The device is capable of performing a computation to 50 
update reasoning every time a feature quantity is observed 
and of performing the reasoning even if the CBCder of obser- 
vations is arbitrary; this is accomplished by perfonning 
sequential reasoning, instead of batch type reasoning and by 
feeding back a reasoned result A target recognition device 55 
is capable of confuting, as a numerical value, the reliability 
of a recognized result on a target by obtaining other recog- 
nition information even if there is no other information 
concerning the target, using the sequential type fuzzy back- 
ward reasoning device. 60 

U.S. Pat No. 5285,380 to Payton discloses a system for 
obtaining collective decisions from multiple control sources. 
The system is able to produce a single conomand from these 
control sources. Each control source corresponds to a behav- 
ior and each responds to inputs to produce a command. The 63 
system employs a piece-wise constant preference profile 
conf osed of zones » spikes and clamps which compress the 
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amount of data required to process behavior preferences. 
The system sorts commands according to command values 
in a chart to produce a total profile which represents the 
combination of profiles of the command values for multiple 
behaviors. The peak zone in the total profile is then used to 
produce a desired response to the multiple commands. The 
system allows behaviors to be combined through the com- 
mand fusion rather than subsumption. The piece-wise con- 
stant representation allows behavior commands to be com- 
bined after they have been passed through a standard control 
system This permits behaviotrs to use any derivative of the 
control source's variable that is appropriate for their func- 
tion. The system has l)ounded arbinration time so that control 
loop stability will not be disrupted by the arbitration process. 
The system also incorpoiates a method for smoothing 
behavior switching transients. 

Several features of the control systems disclosed in the 
foregoing patents are antithetical in applications such as 
submarine launched torpedo guidance applications. Each 
control system disclosed in the patents is located on a 
vehicle used as a steerable object; in a submarine 
application, the control system must be located on the 
submarine remotely fixjm the torpedo as a steerable object 
Moreover in a submarine ^plication, both the submarine 
and target usually undergo motion relative to each other and 
relative to the torpedo. The systems disclosed in some of the 
patents monitor only a fixed line so the system only needs to 
respond to deviations in the direction of vehicle travel 
relative to the reference line. Finally, many of the fiizzy 
control systems select control rules on the basis of one set of 
related parameters, namely deviation and a derived rate of 
change of deviation that is modified by vehicle speed. Such 
a system uses a single set of control rules derived from a 
single input; in a submarine application the system control 
rules are derived from two inputs representing the state of 
the steerable object or vehicle and the target and the state of 
the steerable object or vehicle involves characteristics of the 
vehicle audits guidance point ConsequenUy systems based 
upon the above-identified prior art patents will not work weU 
in a submarine environment particularly with acoustic tor- 
pedoes. 

SUMMARY OF THE INVENTION 

Therefore it is an object of this invention to provide an 
improved target intercept guidance system at a first site for 
guiding an object as it moves from the first site toward a 
second site. 

Another object of this invention is to provide a target 
intercept guidance system using fuzzy control that operates 
from a first site for guiding an object from the first site 
toward a second site wherein both the first site and second 
site can undergo independent motion. 

Still another object of this invention is to provide a target 
intercept guidance system including fiizzy control for steer- 
ing a torpedo with an acoustic homing device from a 
submarine toward a target. 

Yet still another object of this invention is to provide a 
target intercept guidance system witii fuzzy control for use 
with submarine launched torpedoes with guidance points 
that can be adapted for use in a variety of situations. 

Still yet another object of this invention is to provide a 
target intercept guidance system for submarine launched 
torpedoes with guidance points that can operate automati- 
cally and can readily accommodate diverse operating cir- 
cumstances. 

Yet another object of this invention is to provide a target 
intercept guidance system with fuzzy control that is capable 
of operating in response to inputs limited to bearing and 
range. 
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Iq accordance with this invention, a target intercept guid- launcher 11, toward a second site, shown as a target or 

ance system located at a first site communicates with a contact 12. The torpedo 10 has a position QC^ Yy and Z^,), 

steerable object over a communications link and guides the a course (Q,) and a speed (SJ), The launcher 11 is moving 

steerable object from the first site toward a second site. The idong a course Q and at speed as rq)resented by an airow 

guidance system operates iteratlvely and during each itera- 5 while the target is moving along an arbitrary course at 

tion detCErmines a relative bearing from the guidance point of arbitrary speed, both of which are unknown and repre- 

the steerable object to the second site and the rate of change scnted by an arrow 12C. Each of these course Hues IIC and 

of that bearing. A fuzzy control system utilizes these bear- ^ noimaUy measured with respect to some reference 

ings and the rate of change of the bearings to generate a a dashed line 13 m HG. 1, typicaUy magnetic 

guidance command. This guidance command is further lO ^^^^ embodiment the guidance system uses mca- 

conditioned as a function of the position of the steerable LT!^!^!^,n*^T^'''^H ^^^f^^^^f^^f^^f^^^ °f 

object relative to the first and second sites. The commmH- I m ^^"^ L^^^ 

i V 1 *- r ^1. j-^ J J J . sponds to the centroid of the acoustic beam of the mtemal 

^fct tb^ sMl^ ^tcXBCcoi^ng u> ^ s^t ot loff^ course line WC having a course^ 

guidance rules as modified by conditioning and to cause the 15 _ , . . , 

guidancepdntof thesteeiableobjecttointoceptthesecond JfT^^ ""Z, ^^-A^ " ^' 



site along its course. 



stnictcd in accordance with diis invention includes sensors 
20 that measure various parameters associated with the 
BRIEF DESCRIPTION OF THE DRAWINGS ^^^^ launcher 11. A trajectory model 21 pro- 

cesses data from the sensors 20 and generates a set of error 



20 

The appended daims paiticulariy point out and distinctly functions (first and second sensed variables) for a fuzzy 

daim the subject matter of this invention. The various control system 22 that classifies each of the error functions 

objects, advantages and novel featiu:es of this invention will into one or more sensed linguistic variables from a coire- 

bc more fully apparent from a reading of the following sponding set of prcdctcnnincd sensed linguistic variables 

detailed description in conjunction with the accon4)anying based upon their associated sensed variable membership 

drawings in whidi like reference numerals refer to like parts, functions. This control system 22 logically combines the 

and in whidi: selected ones of the first and second sensed linguistic 

FIG. 1 depicts various relationships among a first site, a variables for identifying one or more control output linguis- 

second site and a steerable object that are useful in under- tic variables and corresponding control output membership 

standing this invention; 3q functions from a control outpni membership function set 

HG. 2 is a block diagram of a target intercept guidance '^^ ^^^^ ^ selected control 

system constructed and operated in accordance witii this membership function or functions into a guidance 

invention; command 

FIGS. 3A and 3B constitute a flow diagram that depicts A communications tink 23 transfers the guidance com- 

the operation of tiie guidance system in HG. 2; 35 "^^,^7 ^ bidirectional communications channd 24, 

TTTA^o A. ^ Ar. , . ^ typically formed by a Wire connected to the torpedo 10, to 

FIGS. 4A, 4B and 4C arc graphical represenUtions of ^^^^^^ communications link 25 and a guidance system 26 

linguistic variables and their assodated membership func- the toipedo 10. Information from tiie torpedo 10 also 

tion sets that are useful understanding in tius invention; transfers through tiic communications link 23 to the trajec- 

FIG. 5 schematically represents a rule based unit shown ^ tory model 21, 

in FIG. 2; Referring to FIGS. 1 and 2, tfie sensors 20 include contact 

FIG. 6 depicts a rule based matrix incorporated in the rule sensors 27 that produce a bearing, B^, defined by the angle 

based unit of FIG. 5; between the reference 13 and a line 12A to the target 12 and 

FIG. 7 indudes Graphs 7A through 7B that depict the a range, R^, to the target 12 along the line 12A Navigation 

operation of the rule based unit shown in FIGS. 2 and 5; 45 sensors 30 of HG. 2 simultaneously define the course and 

HG. 8 depicts a command conditioning unit in accor- ^P*^^ launcher 11. As shown in HG. 3A, tius 

dance with tiiis invention; activity occurs during step 40 fliat is tiie first step in an 

TTTi-o AA AT> ^n^j ^ J Iterativc proccss discloseti by tiic rcmaiuing stcps Ifl FIGS, 

HGS. 9A, 9B and 9C depict tiieopa^^^^ of the guidance 3^ 3^ ^ 3^ 33 ^ 

sys ena ^own in HG. 2 absent tiie command conditiomng ^^^^ ^ .^^^.^^ 

umt of FIG. 8 when a target does not maneuver; %^ 

x^^r. , < . , . ^ Instcp41(FIG.3A)avehidemDdd31(FIG.2)provides 

Hto. lOA, lOB and IOC depict the operation of tiie t^e position (X,, and Z^), coune (CJ) and speed (SJ) of 

guidance system shown m HG. 2 when a target does not t^e torpedo 10. This information can be obtained utilizing 

maneuver but includes tiie operation of tiie conditioning unit information supplied by tiie navigation sensors 30 and open 

of HG. 8; FIGS. UA, IIB and UC depict tiie operation of i^^p or dead reckoning updates to tiie vehide modd 31 or 

ttie guidance system shown m HG. 2 absent tiie conunand supplemented witii information from ttie torpedo 10. 

conditioning unit of HG. 8 when a target maneuvers; and ^^^^^ ^^^^^ ^^^j^ ^^^^ 3^ ^^^^^ 

HGS, 12A, 12B and 12C depict ttie operation of tiie signals for an aror unit 32. One is a B^ signal tiiat 

guidance system shown in HG. 2 when the target undergoes represents tiie bearing defined by ttie an^ between a 

ttie maneuver in HG. IIA and when ttie command condi- ^ reference line 13A parallel to the reference line 13 in HG. 

tioning unit of HG. 8 operates. 1 and a line 12B from ttie guidance point 15 of torpedo 10 

UDiMttw 1 is the signal that represents ttie course of the torpedo 10 

HG. 1 depicts an acoustic homing torpedo 10, as an 65 along the line IOC. This occurs during step 42 in HG, 3A. 

cxan^lc of a steerable object with an internal acoustic In the guidance system 16, the error unit 32 produces an 

homing device, that is moving from a first site, shown as a e^ error signal as a first sensed variable corresponding to the 
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instantaneous diffcrcQCC between the bearing from the guid- 
ance point 15 of torpedo 10 to the target 12 (Le., B^) and 
the course of the torpedo 10 (i.e., Q,). Ttie error unit 32 also 
produces an Ae^ error signal that represents a second sensed 
variable corresponding to the rate of change of the e^ etror 5 
signal. The error unit 32 uses the error signal, e^- and the 
bearing, B^^ and the course, C^, to develop this rate of 



8 



error and error rate linguistic variables as shown in FIGS. 4A 
and 4B, can be mathematically stated as follows: 



and 



change error signaL If the guidance system 16 in FIG. 2 
repeats the operation once per second, the difference 
between le^jtjl and \Rc8p(i^ir^v(k) determines the rate at 
whidi the error e^ changes in degrees per second. 

More specifically, during step 43 of each iteration of FIG. 
3A the error unit 32 in FIG. 2 converts the incoming signals 
into error and error rate signals representing the sensed 
variables as follows: 



10 



p(X2>=(m'^» m*^. m*^ m'^ M^^). 
For j=l and i=2 and for j=2 and i=23,4,5,6 



5i 



for 



and 



(1) 



and 



(2) 

Step 44 in FIG, 3A represents a procedure by which the 
control system 22 of FIG. 2 encodes each of the aror signals 
representing the sensed variables into one or more corre- 



20 



(7) 



(8) 



(10) 



(10 



(12) 



_ J. J V • . LI ._ ^ . The end conditions, j=l and i= 13 and i=2 and i=l, 7 are 

sponding sensed hngmsUc vanablcs based upon sensed 25 defined by the foHowing equations: 
vanable membership functions from corresponding sensed ^ ^ 



variable membership function sets. FIG. 4A, for example, 
discloses an e^ sensed variable membership function set 
with three sensed variable membership functions and their 
corresponding sensed e^, or "error" linguistic variables that 30 for 
provides an indication of the sign of the e^ sensed variable 
while FIG. 43 discloses an Ae^ sensed variable member- 
ship function set with seven Ae^ sensed variable member- 
ship functions and their corresponding sensed Ae^^, 
rate" linguistic variables. 
Assuming that the following relationships exist 

xl=e„ 



or error 



35 



(3) 



and 

a fuzzification unit 33 in FIG. 2 uses the e, 
one or more of three available e, 



40 



(4) 



signals to select 
sensed ecror linguistic 



variables and the Ae^ signal to sed'ect one or more of seven 
available Ae^ sensed error rate linguistic variables. The 
possibilities in this particular embodiment that includes the 
"error** and "error rate" linguistic variables T(xl) and T(x2) 
respectively, can be designated as: 



and 



M>1 



far 



43 



(13) 



(14) 



(15) 



(16) 



(17) 



(18) 



and 



=(M2£;/») 



(5) 



50 



= iNUmf, NS,ZE,PS. PKPL) 



(6) 55 



whm "NL" denotes a Negative Large sensed linguistic 
variable; "NS", a Negative Small sensed linguistic variable; 
•^NM*', a Negative Medium sensed linguistic variable; **N'\ 
a negative sensed linguistic variable; "ZE", a Zero sensed 
linguistic variable; *PS", a Positive Small sensed linguistic 
variable; *TM", a Positive Medium sensed linguistic vari- 
able; **PL", a Positive Large sensed linguistic variable; and 
*T**, a positive sensed linguistic variable. 

The specific set of membership functions n(xl) and p(x2) 
corresponding to inputs xl and x2 and the sensed bearing 



60 



65 



where a'=l, except for i=l where a^=-l. 

FIG. 4A depicts graphically the relationship of each 
sensed error linguistic variable and associated membership 
function in the e^ membership function set for different 
values of the e^ signal according to a specific set of values 
for Cf^ and 5'^. FIG. 4B presents analogous information for 
the Ae^ signal In the specific embodiment shown in FIGS. 
4A and 4B certain incoming signals correspond to a single 
or multiple sensed error and sensed error rate linguistic 
variables based upon corresponding membership functions. 
For example, in FIG. 4 A the e^ membership function set is 
used to encode an e^ signal having a value 0 only into a ZE 
linguistic sensed error variable whereas a value of slightly 
less than 0 is encoded into both N and ZE sensed error 
linguistic variables. Likewise the error rate membership set 
in FIG. 4B is used to encode a signal Ae,p=0.05 into PS and 
PM sensed error rate linguistic variables while a signal 
Ae^p=0 is encoded only into a ZE sensed error rate linguistic 
variable. 

Referring to step 45 in FIG. 3B, the rule based unit 34 in 
FIGS. 2 and 5 combines the selected sensed error and error 
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rate linguistic variables to produce one or more control linguistic variables based upon the xl or e membership 



and by 



ouq)ut linguistic variables. Bach selected control output function setof FIG.4A while the Ae signal S encoded into 

linguistic variable corresponds to a predefined membership ZE and PS sensed error rate linguiste variables based upon 

function in a control ou^ut membership function set (FIG. the x2 or Ae^ membenhip function set of FIG. 4B, FIG. 6 

4Q. More specifically, each control output linguistic van- 5 discloses that the rule based unit 34 will coirdate each of the 

able is determined according to a predeteimined set of possible four input combinations as follows: 

logical rules defined in FIG. 6. IF e«, is ZE AND Ae„ is ZE THEN AC is 2E. 

The confrol ou^uts include, in this spcdfic embodiment. f . is ZE AND Ae,, is PS THEN AC is NS. 

seven control output Imguistic variables defined as: «p . 

IFe^isPAND Ae^isZETHENACisZE. 

JTAO =(7io75c.7|o3lcs7icvncs7jc) (^^) IF e^ is P AND Ae is PS THEN AC is PS. 

f\n hju ua TV i> » D7 '^^^ ^*®P ^ based unit 34 produces different 

= {NU m, NS, ZE, PS, PM, PL) ^^^^^ consequences or control ou^ut linguistic variables 

and derived from these selected rules. 

12345^7 13 A summing circuit 46, symbolically rrferenced in FIG. 5, 

P(AC) = {fi^c' Mac» Mac» l^AO Pac» ^*ac> Mac/- (20) essentially combines each of the output variable member- 
The corresponding control output membership functions functions corresponding to each of the selected control 

are shown in FIG. 4C and can be defined, for 1=1,2,3,4^,6,7 linguistic variables to produce an ouq)ut signal as 

(jy shown by steps 47 and 63 in FIG. 3B. More specifically, the 

20 summing circuit 46 in FIG. 5 combines the selected control 
{lAC-cicO (21) output membership functions scaled by the various sensed 

Mic:= I r; variable signals as illustrated in FIG. 7. 

^ FIG. 7 dq)icts each of the four previously identified input 

for combinations and correlations in Graphs 7A through 7D 

25 respectively. During the selection of the sensed linguistic 
C'Ac-5'ie^ACSCi^+6'66c (22) variables, the fuzzification unit 33 correlates cadi of tiie 

sensed variable signals to a particular point on a coaespond- 
ing encoding sensed variable membership function. This 
fi*^=o (23) correlation provides scaling for each control ou^ut mem- 

30 bership function through the selection of the lower of the 
intercepts of the input signals with the corresponding sensed 
CAe-5'i^SACSc'ic4S'^ (24) variable membership functions incorporated in the specific 

rule. 

Values for the various constants C^ and 5' are associated with For exan^de, in the case of the first rule shown in Gr^h 
different membership functions of the sensed variable and 35 7A, an int^ection 47 of the Ae^ signal with ZE member- 
control output variable membership function sets, if sh^ function is lower than the intasection 50 of the e^ 
and fi(x2) represent the sensed variable membersh^) func- signal with its selected ZE membership function, so the Ae^ 
tion sets and ^(AC) represents the control output member- signal controls the magnitude of the selected ZB control 
ship function set, the following table provides some specific ou^ut membership function by establishing a scaled trian- 
examples: 40 gular ou^ut function 51 with its peak at intersection 52 

rather than the intersection 53. In a similar fashion, the 
second rule depicted in Graph 7B produces a triangular form 
54 based upon an intersection 56 of the Ae^ signal with the 
ZE sensed variable membership function that is lower than 
45 an intersection 56 of the Ae^ signal with its corresponding 
PS membership function. Similariy the rules depicted in 
Graphs 7C and 7D provide triangular forms 57 and 58 
respectively based upon a lower intersection 60 of the Ae^ 
signal in FIG. 7C and upon a lower intersection 61 of the 
50 Ae signal in FIG. 7D. 

Sated mathematically, the inferred control output func- 
tions from each of the identified rules are, respectively, (1) 
The rule base unit 34 of HG. 2 operates according to a C(i)M*ac. (2) C(2)M^ac» (3) Q3)Ji'*Ac and (4) C(4)J^^ac where: 
series of rules defined in terms of different combinations of C(i)M*Ac=M(^C)/ij=the control output function for rule 1 
the sensed error and error rate linguistic variables. For 55 defined by p^ multiplied by the value ^i^; and 
example, if the fuzzification unit classifies both the ?(2)^^Ac=*^(AC)c2r*e control output function for rule 2 

signal as a Negative (N) sensed linguistic variable and Ae^p defined by multipHed by the value C2V 

^gnal as a l^gative Large (NL) sensed linguistic variable , 4 ^=^(AC)„,=the control output function for rule 3 
the nne based unit 34 wiU geneiate a positive krgc (H. ^ ^^^^^ ^ ^^^^ r and 

controloutputlmguistic variable. FIG. 6 depicts the control 60 ^5 ./JT , , . . \ 

output linguistic variable membership rules in matrix form g(4)M Ac=^(AC),4j=tfae control ou^ut fiinction for rule 4 
for all values. multiphed by the value ^4^; 

The rule base unit 34 in FIG. 5 utilizes all the possible 
combinations for a given set of readings to produce an ?(ij=Y*^AY*^=mm (Y*^, y*^ (25) 

output based upon the selection of one or more control 6S 

ou^ut membership functions. More specifically, if the c^p ^cjjrY^^iA'y^.aFmin C^^, (26) 

signal can be classified both as ZE and P sensed error ^y=Y^,iAY*j,r=inm (Y^^, Y*^ (27) 
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ACo = KAC (31) 
wberem 



^(4f=Y^iAY^,,r^ (Y^„ Y*^) (28) 

where Y,/ is Pj^' evaluated at a specific sensed input xj(t) at 
time **t" and where **A" denotes a fuzzy "and'Vor niinimiim 

The control output composite implication function, g(AC), 5 ( Rod \[ Rgd \ (32) 

of the rule-based unit for this example is expressed as: ^=0.133 y j y + 1 j . 

,.^v Thus it will be apparent that as the Rg,„ distance between the 

u(AC)=v(A0(.,^AC)f„4^AC)(^+^AC)(^ (29) guidance point 15 and that target 10 deaeases, the gain 

factor applied to the guidance command also decreases. 

As previously indicated^ the ruled based unit 34 in FIGS. More gain can be applied to the guidance command for 

2 and 5 also operates in accordance with step 63 of FIG. 3B torpedo 10 with shorter lever arms between the center 14 and 

by combining the scaled fuzzy output membership functions guidance point 15. Applying the gain factor based upon the 

shown in FIG. 7 into a composite output function that is signal has the effect of continually reducing the con- 

acceptobleforuseinthedefuzzificationunit35.Anumbcr ,^ ditioned guidance command ACo as the torpedo 10 

ofmethodscanbeutilizedforconvertingcompositeoutputs approaches the Offget th^^^^ 

into guidance commands in step 64. Ilie defu^cation unit ^r\^^^tl^^^^ intercept pomt 

^ ^ »j XL J . .J .J . FIG. 8 also discloses a tactical parameter selection circuit 

2S uses a cenfroid method to provide guidance commands. ^fS that provides inputs to the conditioning unit 36 such as 

MathematicaUy the centroid is computed as f oUows: the GD signal This circuit aUows other factors (e.g., SJ as 

20 might be dictated by a particular set of circumstances or 

AC =-^^^SS25£Slf5sL tactical situation, to be used as an input to the adjustable gain 

2;*Q*/aC(jij circuit 67. The conditioning unit 36 can respond to any of 

wherelj^^is (he summation over aU the rules selected by tbe ^^""^ '"^^.l 

i«IebaseSunit34aii«H^^ and C^^aretherespective area „ H.T ""l and the torpedo 10 

and centroid of the coS^equent set Membership f ^jhe^teerable object for controU^^ 

function. This is represented in Graph 7E that depicts the ""^ of the guidance command AC. 

supenwsitionofthescaledcontrolouWmembersMpfunc .Tl^ZT'^'^^^^'^fl^:' 

ticns ot Graphs 7A through 7D. n»e r^ulting or colosite "l- *° "T"'"" 

output funXn is ti,es,Sa of the selected LtrolTu^^ut cations 1^ 25 66 of nG.3B. The torpedo guidance 

functions shown in Graphs TAtiiroughTD. This compoiite '° f/'™ 26 responds to any command requUng a course 

function includes tiie ^ea between tohed lines S9A and S!"",''^ cbangmg the patt. of the toipedo 10 so as to 

59B plus the sides 54AandS8BofthefunctioDS 54 and S«, "^JlT^' ^f^- : ■ 

respectively, from die dashed lines 59A and SSB. THe „ ^f^'* of add^g ti>e condibonmg mut Aown m na 

deLzification unit 35 calculates the centroid for tiiefunc- Ld^^VZ'?^ »/k 

tion shown in HO. 7E to produce a resulting AC signal ti>at ^^^t}^^' f'^ ^^^^"f ^ "''P''* 

is the finite signal for controlling flie torpedo 10 in HG. 1. Jl^^fZUS ^ signals as the torpedo 10 moves 

. , , ° , , T ^ - 5 from a launcher 11 to a target 12 that does not maneuver 

As is known, the giud^ce point 15 of a torpedo 10 with along a target course 12C It is assumed in this example that 

an acoustical homing device lies externally well forward of the launcher 11 is stationary, that target tracking comiences 

the torpedo and its control center 14. Consequently any 40 at a position 70 and that the toipedo 10 is launched along a 

conttol actions taken on the torpedo 10 in pitch or yaw track 71 essentially at 45* to an initial bearing line 72. In 

produce a hneal displacement of the guidance point 15 that accordance with accepted procedures, the torpedo 10 ini- 

is^eaterthantheactualpitcfaoryawofthetorpedolOdue tially advances along the track 71 independenay of the 

to the extended lever arm from the toipedo center point 14 control system in FIG. 2 until the guidance system 16 

to the gtiidance point 15. Moreover, by definition the guid- 45 eventually takes control at a position 73, When the guidance 

ance point 15 is proximate the target when the acoustic system 16 does take control it steers the torpedo 10 to move 

homing device takes control. the guidance point 15 ttirou^ a secies of positions 75 untU 

If the guidance command AC from the defiizzilication unit the guidance point 15 is on the calculated intercept track 

35 continues to control the torpedo 10 directly, instabilities represented by line IOC 

can arise in the command signal. To overcome this, the 50 As will be apparent, from viewing FIGS. 9B and 9C and 

control system 16 shown in FIG. 2 includes a conditioning HGS. lOB and IOC, the control functions are the same 

unit 36 that modifies the AC guidance command from the whether or not the conditioning unit 36 is utilized. In essence 

defuzzification unit 35 to produce a conditioned guidance when the torpedo 10 maneuvers to put the guidance point 15 

command, ACo, for transfer to the communications link 23. on the intercept trajectory and the course of the torpedo 

In one particular embodiment the conditioning unit 36 55 stabilizes, the error signal reaches a steady state value as 

includes an adjustable gain circuit 67 that modifies the gain shown by the graph segments 75 that depicts the change 

in accordance with any of a variety of diffo-ent influences. from tiie point at which the control system takes control at 

In one embodiment for example, the position of the toipedo point 73 until the stable condition is reached at point 76. 

10 relative to the target 12 is used to reduce the gain as the As the toipedo 10 approaches the taiget 12, the guidance 

torpedo 10 ^roaches the target 12. More specifically, the 60 point 15 readies a position at which the relative bearing 

trajectory model 21 generates an Rod signal that rq)resents between the course of the torpedo through the guidance 

the distance from the guidance point 15 to the target 12. A point from that to the taiget can change thereby producing, 

parameter selection circuit 68 produces a GD signal that as shown in FIGS, 9B and 9C. a shift in a slightly negative 

represents the distance from the center 14 of the toipedo 10 direction will produce a slight increase in the angle at point 

to the guidance point 15. The conditioning unit 36 applies a 65 77 which produces a control action. That action, given the 

gain factor K to the guidance command, AC from tfie lever arm from the point 14 of the toipedo 10 to the guidance 

defuzzification unit such tfiat point 15 begins to produce an inaeasing range of excursions 
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in both the c— and Ae^ signals causing an osdllatoiy 
motion through a portion of travel represented in each of 
HGS. 9A through 9C by reference numeral 78, FIG. 9A 
depicting the successive positions of the guidance point as 
the torpedo ^)proaches the target This action can neutralize 5 
the ability of the acoustic homing device to make contact 
with the target 12. 

FIGS. lOA throu^ IOC, however, show that with the 
conditioning unit 36 according to the specific embodiment 
described with reference to FIG. 8 reducing the gain on the 
guidance command, the torpedo 10 continues on the inter- 
cept trajectory IOC without produdng any shift in the 
position of the guidance point 15 and hence do shifts beyond 
the reference point 77 in FIGS. lOB and IOC in which the 
oscillations of those signals began. 

FIGS. 11 A and 12A depict a target 12 that initially moves 
along a straight line &om the left to the right During this 
time as in FIGS. 9A through IOC, in this system the toipedo 
10 launches at a point 70 along a line 71 and the guidance 
system 16 in FIG. 2 takes control of the system at point 73 
moving the guidance point through a range of positions 75 20 
until it lies on an initial intercept course at a point 76. 

When the torpedo 10 readies a position 79 and the 
guidance point is at a position 80 in FIGS. IIA and 12A, the 
target 12 maneuvers through a 180° turn thereby to begin 
moving from right to left. As this maneuver occurs, the 25 
control system 16 again reorients the torpedo 10 onto a new 
course line 81 by moving the guidance point 15 through a 
range of positions 82 placing the guidance point 15 on the 
new intercept trajectory line 81 at point 83. Both the systems 
with and without the conditioning unit 36 tend to operate in 30 
substantially the same although a comparison of the changes 
in the e^ and Ae^ signals in FIGS. Hb and UC show some 
noisy behavior during this transition. 

As previously indicated, with respect to FIGS. 9 and 10, 
however, when the torpedo reaches a point 84 the same 35 
instability as shown in FIGS. 9A through 9C appears in 
FIGS. IIA through IIC without the conditioning unit 36 
wh^eas with the conditioning unit 36 as shown in FIGS. 
12A through 12C there is no instability. 

Thus in accordance with this invention, a guidance system 40 
16 as shown in FIG. 2 combines the range and bearing to a 
contact or target and information about the operation of a 
torpedo including its guidance point to determine an angle 
between the bearing from tiie guidance point of the torpedo 
to the target and the course of the torpedo. These signals are 45 
sampled on a regular iterative basis, so data from two 
successive sets of signals also provides die rate of change of 
that angle. The fiizzification unit 33 uses corresponding 
sensed variable membership functions to encode eadi of the 
inputs obtained during one iteration into one or more sensed 50 
linguistic variables. A rule-based unit 34 converts tiiese 
selected sensed linguistic variables into one or more control 
ou^ut linguistic variables that correspond to control ou^ut 
membership functions of a control output membaship func- 
tion set that then can be combined by diverse procedures to ss 
obtain a guidance command that is further modified in 
accordance with the current situation to provide a control 
signal for transfer to the torpedo sudi that the guidance point 
follows an intercept trajectory to the target 

As is apparent, this control system 22 emulates operations 60 
that reflect heuristic considerations through the util^ation of 
a rule-based expert system that is contained in the matrix of 
FIG. 6 and that operates with linguistic variables. This 
system includes knowledge based upon specific experimen- 
tal data and the experience of individuals. 6S 

This invention has been described in terms of block 
diagrams, processes and graphical analysis that will enable 



anyone of ordinary skill in control systems art to coAstruct 
a specific embodiment of such a control system. It will be 
apparent tiiat many modifications can be made to the dis- 
closed apparatus without departing from the invention. 
Therefore, it is the intent of the upended claims to cover all 
such variations and modifications as come within the true 
spirit and scope of this invention. 
What is claimed is: 

1. A system for guiding a steerable 6bject from a first site 
toward a second site wherein the steerable object includes an 
acoustic homing device characterized by a center point and 
by defining a guidance point extonally to die steerable 
object and leading die steerable object as it moves toward 
the second site, said system comprising: 

sensing means for generating bearing and range signals 
representing the bearing and range from the first site to 
the second site; 

model means for generating signals representing the bear- 
ing from the guidance point of the steerable object to 
the second site and course, speed and position of the 
steerable object; 

error signal generating means response to the signals from 
said sensing means and said model means for gener- 
ating a first sensed variable signal based upon the 
bearing from the guidance point of the steerable object 
to the second site and the course of die steerable object 
and a second sensed variable signal based upon the rate 
of change of the first sensed variable signal; 

fuzzy control means responsive to said first and second 
sensed variable signals for generating a guidance com- 
mand for controlling the steerable object in response to 
a plurality of logical rules; 

conditioning means for conditioning the guidance com- 
mand in response to a selected one of said signals 
generated by the model means; and 

means for transferring the conditioned guidance com- 
mand to the steerable object 

2. A guidance system as recited in claim 1 wherein said 
conditioning means includes means for adjusting the gain of 
the guidance conunand. 

3. A guidance system as recited in claim 2 wherein said 
error signal generating means determines the bearing from 
the guidance point of the steerable object to the second site, 
B^^, and the course of the steerable object, C^, and gener- 
ates as the first sensed variable signal a signal e^ repre- 
senting an error given by: 

and generates as the second sensed variable signal, a 
signal Ae^ representing the rate of diange of the 
bearing error given by 

wherein the values **k" and **k-l** represent values taken 
during successive measurements by said sensing means 
and model means over a known time. 

4. A guidance system as recited in claim 3 wherein said 
conditioning unit receives the positions of the guidance 
point of the steerable object and the second site and said gain 
adjusting means reduces the gain applied to the guidance 
command as die steerable object approaches the second site. 

5. A guidance system as recited in claim 3 additionally 
comprising means for generating an R^^ signal representing 
the distance from the guidance point to die second site and 
a GD signal reiH-esenting die distance between the center 
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6. An iterative method for guiding a steexable object from 
a first site to a second site wherein the steerahle object 
includes an acoustic homing device characterized by a 
center point and by a guidance point externally to the 
stccrable object and leading the stccrable object as it moves 
toward the second site, said method con[q)ri5ing, during each 
iteration, the steps of: 

determining parameters cmesponding to the range and 
bearing from the first site to the second site and 
corresponding to the bearing from the guidance point of 
the steerable object to the second site and to the course, 
speed and position of the steerable object; 

generating a first sensed variable signal based upon the 
bearing from the guidance point of the steerable object 
to the second site and the course of the steerable object 
and a second sensed variable signal representing the 
rate of change of the first sensed variable signal; 

generating in a fuzzy controller a guidance command for 
controlling the steerable object according to a plurality 
of logical rules in response to the first and second 
sensed variable signals; 

conditioning the guidance command in response to a 
selected one of said parameters; and 

transferring the conditioned guidance command from the 
fuzzy controller to the steerable object 

7. A method as recited in claim 6 wherein said condition- 
ing includes adjusting the gain of the guidance command. 

S. A method as recited in claim 7 wherein the generation 
of the sensed variable signals includes the steps of deter- 



16 



point and the guidance point of the stccrable object, said 
gain adjusting meaas qiplying to the guidance command a 
gain k given by: 



mining the bearing from the guidance point of the steerable 
object to the second site, B^^, and the course of the steerable 
object, and generating as the first sensed variable signal 
^ a signal, e^, representing an error given by: 

and generating as the second sensed variable signal, a 
10 signal, Ae^ representing the rate of change of the error 
given by: 

15 

wherein the values and "k-l" represent values taken 
during successive iterations. 

9. A method as recited in claim 8 additionally including 
the selection of parameters and adjusting the gain in 

20 response to the selected parameters. 

10. A method as recited in claim 8 wherein the gain 
applied to the guidance command is reduced as the stccrable 
object approaches the second site. 

11. A method as recited in claim 8 additionally comprising 
25 the steps of generating an R<;^ signal representing the 

distance from the guidance point to the second site and a GD 
signal representing the distance between the center point and 
the guidance point of the steerable object and applying to the 
guidance command a gain, K, given by: 



30 
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